The 79-81Br NQR spectra of tribromocadmates with the cations K®, NH®, Rb®, Cs®, CH,NH®, (CH3)2NH®, (CH3)4N®, H2NNH®, and C(NH2)f were studied as functions of temperature from 77 K on up to T>300 K. CsCdBr3 shows a singlet 81 Br NQR spectrum over the whole temperature range studied.
Introduction
Many solids with the composition ABX3 crystallize in their high temperature phase with the structure of the Perovskite, CaTi03, space group 0^-Pm3m, number of formula units in the unit cell Z = l. The atom A is located at the corners of the cubic unit cell (0, 0, 0), B is at the center of the cell and X at the centers of the cube faces 0 ; 0 , 0, The main feature of the crystal structure is the threedimensional network of corner sharing octahedra BX6. Such an arrangement is not a very stable one and therefore the Perovskite type structures often ex-* Permanent address: Physics Department, Osmania Uni versity, Hyderabad-500 007, India. Reprint requests to Prof. Dr. Al. Weiss, Institut für Physika lische Chemie, Technische Hochschule Darmstadt, Petersenstraße 20, W-6100 Darmstadt, FRG. perience phase transitions, whereby the symmetry of the lattice is lowered and the three-dimensional net of octahedra is changing to two-dimensional connec tions, planes of octahedra, or to one-dimensional chains of octahedra. The oxides AB03 have been treated in numerous investigations within the last 40 years, mainly because of their interesting dielectric properties (ferroelectric phases).
Also with X = halogen, a good number of solid phases ABX3, belonging to the class of Perovskites, have been described in literature. As for A and B, the group is more restricted than the family of oxide Perovskites because A = A1 and B = B11. On the other hand X may be F, CI, Br, and I, B may be Zn", Cd", Hg, Ge", Sn", Pb1'.
In the course of investigations of the structure and bonding of hexahalogeno complexes, we have studied by 79-81 Br nuclear quadrupole resonance, NQR, some 0932-0784 / 91 / 1100-1063 $ 01.30/0. -Please order a reprint rather than making your own copy. compounds A4 [CdBr6] , in which the bond C d-B r is strongly ionic [1] . Continuing this work, we have not been able to prepare by variation of A new complexes with isolated ions [CdBr6]4e. A compound with the composition (A)2CdBr6, A = ethylenediammonium (enH2) is, according to the crystal structure deter mination and to the 79-81ßr NQR spectrum, a double salt of composition (enH^®)2[CdBr4]2e ■ 2Bre [2] , During the progress of these experiments a number of solids with the general composition A'CdBr3 have been prepared and their crystal structures, 79-81ßr NQR, and phase transitions have been investigated. Here, we report about this work.
Experimental Preparation, Chemical Analysis
The compounds were prepared from stoichiometric amounts of aqueous solutions of CdBr2 and the aqueous solution of the elected base plus HBr. If the corresponding bromide ABr was available, it was used. All chemicals were of laboratory grade (Aldrich). The compounds were crystallized from solution at room temperature at a pH 4-5. In Table 1 we list the compounds investigated, the habitus and their chemi cal analyses, except for KCdBr3 and RbCdBr3. These two compounds have been prepared and studied by 79,81 Br NQR. The preparation, crystal structure, and some other properties of RbCdBr3 are described in [3, 4] ,
Crystal Structure Determination
The crystal structures of the title compounds, if unknown, were determined by single crystal X-ray diffraction technique on a four-circle diffractometer. Small crystals for X-ray diffraction were grown from aqueous solution of the corresponding compound. All crystal structure studies were done at room tempera ture. After collection of the intensity data, they were corrected in an appropriate way for absorption and Lorentz-Polarization factor. The point positions of the atoms were determined by direct methods, using the program SHELX 86 [5] , and the final positional and thermal parameters were found by least squares refinement using SHELX 76 [6] . In some cases, the hydrogen atoms could not be located due to the heavy atoms Cd and Br and/or due to strong librational motions of the cations (or parts (groups) of the cations).
i9.8ißr Nuciear Quadrupole Resonance
The NQR spectra of the Br nuclei were taken as functions of temperature on polycrystalline samples. A superregenerative receiver was used. Frequency measurements, temperature generation and measure ment at the sample site, and estimate of the experi mental error have been performed as described earlier, see e.g. [2] . The signal to noise ratio, (S/N), for the NQR lines is taken from registered spectra, lock in technique, 10 s time constant. Table 1 . Melting point Mp (in K), habitus, colour, and chemical analysis (in weight%) of the studied compounds ACdBr3.
Compound
Mp/K Habitus, Chemical analysis (found/calculated) [NHJ: Cd, Br (1, 2, 3) , N in 4c: (x, z), (x, I, z), (i-x , f , \ + z), (I + x,±,±-z).
[C(NH2)3]: Cd, BrU), C, N(1) in 4e: (0, 0, 0), (I, 0) + (0, y, (0, y, f); all other atoms in 8f: (0, 0, 0), (I, 0) + (x, y, z), (x, y, z), (x,y,±-z),(x,y,± + z).
Results
In Table 2 we have listed the experimental condi tions for the crystal structure determinations and some crystallographic data of the title compounds, such as lattice constants, space group, reliability factor R etc. The 81 Br NQR frequencies for selected temper atures are collected in Table 3 , and, as usual, we have parameterized the temperature dependence of the Br NQR frequencies on the basis of v= £ a, 7".
(1) i = -1 For the title compounds the coefficients of the poly nomial are listed in Table 4 .
Tetramethylammonium tribromocadmate, [ ( CH3) 4N] CdBr3
Tetramethylammonium tribromocadmate crystal lizes hexagonal, with the space group C2 6h-P6Jm, Z = 2, as reported by Daoud [7] . From the cell dimen sions and the space group, the author concludes isomorphism of the compound with [(CH3)4N]CdCl3 [8] and [(CH3)4N]MnnCl3 [9] , The crystal structure determination of [(CH3)4N]CdBr3 reported here is, as Fig. 1 we show the projection of the unit cell of the compound along [001] . In the figure, there are several positions with varying occupancy factor K for both crystallographically different carbon atoms of the tetramethylammonium ion, originating in a dynamical disorder of the cation. The positional coordinates are listed in Table 5 which contains the thermal parameters, too. Included in this table are also the intra-and intermolecular (ionic) distances and angles. In Fig. 2 the 81 Br NQR spectrum of the title com pound is plotted in its dependence on temperature. From 77 K up to about 160 K the spectrum has a triplet structure with a frequency spread of about 3.5 MHz at 77 K. This low temperature phase III transforms at 160 K to phase II; the 81 Br NQR spec trum is a singlet. Phase II is stable up to 390 K; the crystal structure we report is that of phase II. A de finite change in the slope of v(81Br) = /(T ) marks the transition from phase II to phase I (see the insert in Figure 2 ). For the three phases of tetramethylammonium tribromocadmate 79-81Br NQR frequen cies at selected temperatures are found in Table 3 , and the coefficients of the parameterized curves v(81Br) = /(T ) are listed in Table 4 .
Dimethylammonium tribromocadmate, f(C H ,)2NH2JCdBr3
Dimethylammonium tribromocadmate crystallizes with the space group C2h-P21/c, Z = 4, see Table 2 . In Table 6 the positions of the atoms in the unit cell are given together with the thermal parameters, and in Table 7 one finds intra-and intermolecular (ionic) dis tances and angles. In Fig. 3 In the unit cell, the bromine atoms are located at the general point position 4e, and with Z = 4 there are three crystallographically independent bromines in the solid compound, see Table 2 . The 81 Br NQR spec trum of dimethylammonium tribromocadmate is a three line spectrum, as predicted by the crystal struc- Table 5 are marked by *. The structure, taken at room temperature, is characterized by the disorder of the cation [(CH3)4N]e. ture. In Fig. 4 the NQR frequencies are plotted as functions of temperature. No sign of a phase tran sition within the temperature range covered can be recognized. For selected temperatures the frequencies are listed (Table 3 ) and the parameters of the poly nomial description of v = / (T) (1) are found in Table 4 .
Methylammonium tribromocadmate, [CH3NH3] CdBr 3
The crystal structure of methylammonium tribromo cadmate was determined by Fuess and coworkers (8) 353 (8) 353 (8) 177 (4) [10] . At room temperature, the compounds crystal lizes hexagonal with the space group D6h-P63/mmc, Z = 2. The bromine atoms are located at the point position 6h. Chains of octahedra CdBr6, running along the c-axis, determine the frame of the crystal structure.
The 81 Br NQR spectrum, at room temperature, agrees with the crystal structure. Only one resonance line is observed. However, the spectrum becomes very complicated below 167 K; the singlet transforms into a complicated 18-line spectrum as shown in Fig  ures 5 a, b. The phase transition was already reported and a structure model proposed for the low tempera ture phase II [10] . We find phase II existing from 167 K down to 77 K. There was a phase III observed [10] , stable below 60 K. Again, we have listed the 81 Br NQR frequencies at certain temperatures (Table 3) and v(81Br)= /(F ) in parameterized form (Table 4 ). 
x, \-y , ^ + z
' ? x, p y, j+ z y, y, \+ z Ammonium tribromocadmate, NH^CdBrT he orthorhombic ammonium tribromocadmate crystallizes with the space group D2£-Pnma, Z = 4, see Table 2 . In Table 8 the point positions and thermal parameters of the atoms are given; Table 9 presents intra-and intermolecular (-ionic) distances and angles. Looking on space group and lattice constants, one may assume that the compound is isotypic to NH4CdCl3. Brasseur and Pauling [11] and Mac Gillavry et al. [12] have determined the crystal struc ture of NLLCdCl,. A refinement of the structure is x, 1 -(-y, z Br<2'**: x, y-1, z Cd": -x , 1 -due to Rolies and De Ranter [13] . Transforming their setting Pmnb to the one used here, Pnma, they report for the lattice constants of ammonium trichlorocadmate a = 902.6 pm, b = 399.4 pm, c = 1493.8 pm. In the three determinations, the point positions found agree Table 8 . Positions and thermal parameters of ammonium tribromocadmate, NH4CdBr3; the temperature factor is of the T = exp {-27r2(Cu h2 a*2 + U22 k2b*2 + U33 l2c*2 + 2Ul2 hka* b* +2 U13 h I a* c* + 2 U23 k I b* c*)}. The Uu are given in (pm)2; U is the isotropic mean for the hydrogen atoms. well, and the structure determination for NH4CdBr3 presented here shows the same point positions, Cl Br. The title compound is a member of the NH4CdCl3-type family. In Fig. 6 the projection of the unit cell of NH4CdBr3 along the axis [010] is shown. Chains of edge connected octahedra CdBr6 are run ning along the ^-direction, and two neighbouring chains are edge connected to a double string along b. The cations (NH4)® are located on the bc-plane at x = 0 + 0.06 and x = i±0.06.
The Br atoms occupy three times the point position 4 c. The 81 Br NQR spectrum is, in agreement there with, a three line spectrum as shown in Figure 7 . The three crystallographically independent bromines ex perience strongly differing electric field gradients, EFG's, differing in magnitude and in their tempera ture dependence. According to the Br NQR spectrum in its dependence on temperature, no phase transition takes place in the range 77 < T/K < 360. There is a pronounced influence of the dynamics of the NH4 ion on the 81 Br NQR spectrum, which we shall discuss later. Frequencies at selected temperatures and the coefficients of the polynomial description of v(81Br) = /(F ) are given in Tables 3 and 4 , respectively.
Cesium tribromocadmate, CsCdBr3
The crystal structure of CsCdBr3 was determined by Moller [14] and by McPherson et al. [15] . The compound crystallizes at room temperature with the CsNiCl3-structure (D£h-P63/mmc, Z = 2). One ob serves chains of octahedra plane. Accordingly, the 81 Br NQR spectrum is a single line spectrum within the temperature range we have worked in, 77 < T/K <425, as seen in Figure 8 . v(81Br) decreases nearly linearly with increasing tem perature. Selected NQR frequencies are listed in Table 3 as are the coefficients of the parameterization of v(81B r)= /(F ) in Table 4 .
Guanidinium tribromocadmate, [C(N H 2) 3/CdBr3
The monoclinic tribromocadmate of guanidinium crystallizes with the space group C2h-C2/c, four for mula units in the cell, see Table 2 . In Table 10 the point positions of the atoms and their thermal param eters are given, and Table 11 contains intra-and inter atomic distances and angles. In Fig. 9 a the projection of the unit cell along [100] is shown. One recognizes a chain of [CdBr5] units running along the c-axis and being located in the ac-plane at y = 0 and y = \. The hydrogen bond system, the guanidinium ion forms with the anion, is marked by dotted lines. Calculating the best plane through C, N l5 and N2 of the guani dinium ion, one finds 7.4146.x + 0.0004 y -0.3379 z = 7.1612.
The deviation of the atoms C, N ls and N2 from this plane is, within the limits of error zero. F^N J is -78.6 pm below this plane, H x (N2) is 46.9 pm above, H2(N2) is 59.5 pm above. Figure 9 b gives the number ing of the atoms within the anion and the cation. To Fig. 9 a, Fig. 9 b is related by the stars in Figure 9 a.
The Br atoms are located at two point positions of the space group, in 4e and 8f (see Table 2 ). The in equivalence in symmetry and therefore in the acting EFG at the two different sites is reflected by the Br NQR spectrum. In Fig. 10 the frequencies of the x, l-y , z-± Cd':
x, l-y , i+ z (expected) two-line 81 Br NQR spectrum are plotted as functions of temperature. The frequencies show quite different temperature coefficients. In the range 77 < T/K <440 the existence of only one stable phase can be deduced from the NQR spectrum. Selected frequencies and coefficients describing the parameter ization of the 81 Br NQR temperature dependence are given in Table 3 and Table 4 , respectively.
Hydrazinium tribromocadmate, [ H2NNH3J CdBr3
The last title compound for which we determined the crystal structure is hydrazinium tribromocadmate. The compound crystallizes monoclinic, space group Cfh-P21/c, and Z = 4. In Table 12 the relative coordi nates of the atoms within the unit cell are given together with the thermal parameters, and Table 13 lists intra-and intermolecular distances and angles. Table 12 , are marked by stars. Two 81 Br NQR frequencies are observed, with opposite temperature coefficient, and no sign of a phase transition in the range 77< F/K < 390 can be deduced from the curves, see Figure 12 . As Table 12 shows, the 12 bromine atoms the unit cell contains, are distributed crystallographically inequivalent over the point position 4e. There is a discrepancy between the structure and the 81Br NQR spectrum observed, since the two resonances found are equal in intensity. The explanation is, that we did not observe one of the expected resonances, besides the fact that the inten sities of the two lines registered have been quite good (S/N: 5-50)). We assume that the frequency of the third resonance is very low. We have searched for it, without success down to 10 MHz. Tables 3 and 4 give the necessary numerical information about the 81 Br NQR spectrum of [H2NNH3]CdBr3.
Potassium tribromocadmate, KCdBr3, and Rubidium tribromocadmate, RbCdBr3
For KCdBr3 we have studied the 8'Br NQR spec trum in the range 77< F/K < 360. A doublet is ob-served within this range with no sign of a phase tran sition. The spectrum is plotted as a function of temperature in Figure 13 . We do not know the crystal structure of the compound but like to mention that after heating the substance to 420 K, a sample was left which gave no more an NQR signal.
RbCdBr3 shows also an 81 Br NQR doublet, with opposite temperature coefficients of the resonance lines. The spectrum as a function of temperature is shown in Fig. 14 , the numerical description of the v (T ) curves is given in Tables 3 and 4 . Heating up the compound to 475 K and returning to room tempera ture did not change the sample and an identical 8'Br NQR spectrum was observed after this treatment. The crystal structure of RbCdBr3 is known [3, 4] , Natarajan et al. [3] found that RbCdBr3 crystallizes ortho rhombic in the space group D2h-Pnma, Z -4, and belongs to the Perovskite group of the NH4CdCl3-type (as does NH4CdBr3, see above). Of the same type is RbCdCl3 [4] . There is a discrepancy between the 81 Br NQR doublet observed and the crystal structure of RbCdBr3, which asks for a triplet spectrum. Again, we blame the failure in detecting the third line to the low frequency it, most probably, will have. It may well be that the phase diagram of RbBr-CdBr2 is as com plicated as the system RbCl-CdCl2, where several phases of RbCdCl3 have been observed [16] , and the phase we studied was not of NH4CdCl3-type. Kind and Ross have studied by 35C1 NQR the phase diagramm of RbCdCl3 [17] . They did not detect a phase with a triplet 35C1 NQR spectrum, which should appear for the NH4CdCl3-type phase of RbCdCl3.
Discussion
Structure and bonding in the tribromocadmates, we deal with, are governed by the polymerization of the anion [CdBr3] into octahedra with the cadmium in the center and the octahedral coordination of the bromines in such a way that octahedral faces, or edges, or corners are shared. Guanidinium tribromocadmate deviates from the rule as ethylenediammonium tri bromocadmate monohydrate does. The three-, the two-, and the one-dimensional networks formed in this way are called Perovskite type structures these days, and a large number of compounds AB(Halogen)3 are known. Let us consider first the three title compounds ACdBr3 with A = cesium, methylammonium, and tetra methylammonium. The crystal structure of CsCdBr3 is well known [12, 13] . In the hexagonal unit cell, space group P63/mmc, with Z -2, Cd is located in the point position 2 a, that is at (0,0,0) and (0,0,^), and the bromines (point position 6h) are forming regular tri angles at z = 1/4 and z = 3/4. In this way a chain of face sharing octahedra is developed, the centers of the octahedra and the centers of the sharing faces (bromine triangles) being in line.
The space group P63/mmc, Z = 2, is also found for (CH3NH3)CdBr3 at room temperature, and Cd and Br occupy the same point position than they do in the cesium compound [10] . As in the Cs-compound, face sharing octahedra form a straight chain along the c-axis. The high symmetry one finds for methylammo nium tribromocadmate, phase I, at room temperature, is due to the dynamics of the cation. Below the transi tion temperature the motion of the cation may stop; the crystal structure becomes more complicated, as seen from the Br NQR spectrum of phase II. We assume that hydrogen bonds N -H • • • Br play an im portant role in this phase transition.
As listed in Table 2 , tetramethylammonium tri bromocadmate, at room temperature (phase II), crys tallizes with the space group P63/m. This leads to a straight chain of face-connected octahedra [CdBr6] along the c-axis, too. It may well be that the high temperature phase I belongs to the space group P63/mmc, as the Cs-salt and the methylammonium salt at room temperature do. The R-value (see Table 2 ) is not good because of the dynamics of the cation [(CH3)4N]® which is difficult to handle in the struc ture determination. This was shown by Stucky [18] , who studied the crystal structure of [(CH3)4N]NiCl3, by Stucky et al. [19] , who determined the structure of [(CH3)4N]NiBr3, and by Morosin and Graeber [20] , who reported the crystal structure of [(CH3)4N] MnCl3. In all cases the space group P63/m, Z = 2 was found, and we conclude that these compounds and and by Gesi [22] , The authors were particularly inter ested in the dielectric properties of the title compound, and the phase transition at 160 K is discussed in the light of an order-disorder mechanism of the cation within the lattice of tetramethylammonium tribromo cadmate. A X H NMR study 0 \ , M2) on [(CH3)4]CdBr3 was reported by Venu et al. [23] who conclude from their studies an isotropic tumbling of the cation at room temperature down to low temperatures and a tunneling of the CH3 groups below 77 K. For the isomorphic [(CH3)4N]CdCl3 an extensive study of the cation dynamics was done by Tsang and Utton [24] , In the light of this study it may be worthwhile to study the dynamics of the tetramethylammonium cation in more detail on the title compound.
In Fig. 15 Ammonium tribromocadmate, crystallizing ortho rhombic, Pnma, Z = 4, belongs to the NH4CdCl3-type, the prototype of a double chain Perovskite. In Fig. 16 we show the chain structure of NH4CdBr3. Three crystallographically different bromine atoms form the double chain of [CdBr6] octahedra. Br(1) is a terminal atom (single bonded to Cd). Br(2) is linked to two Cd atoms and Br(3) is triple connected (to three different Cd atoms). In the figure the different views of the anion structure are exposed. There are weak hydrogen bonds N -H -Br. In the 81Br NQR spec trum one line has a quite anomalous temperature be haviour. It goes through a maximum. Quite a similar behaviour we have observed also for (NH4)4CdBr6, and we found that the maximum in the latter com pound is shifted to lower temperatures by exchanging H by D [1] , Sagisawa et al. [25] and Chihara et al. [26, 27] have shown for NH4HgCl3 and other ammonium salts, that an anomalous curvature of v = /(T ) has to do with the dynamics of the NH®-ion, and, from relaxation time measurements of the CI NQR and X H NMR, they were able to calculate the rotational jump ing frequency of NH®. In accordance with the crystal structure there are three 81 Br NQR lines. The one which has a frequency maximum is the one most strongly influenced by the tumbling NH®-ion. Whereas v1(81Br) and v2(81Br) are around 50 MHz, v3(81Br) lies very low (around 15 MHz). This suggests the assignment of v3 to Br(3), the atom which is within the double chain connected to three different Cd atoms.
The failure to detect v3 in RbCdBr3 and [N2H5]CdBr3 may be due to the relatively symmetric coordination of Br(3) in the double chain Perovskites of NH4CdCl3-type and in structures related to this type. In Table 14 we have listed the distances d(Cd-Br) and angles the atom Br(3) forms with its three Cd neighbours. The atom Br<3) is the common corner of three joining edges, belonging to three different octahedra, see Fig  ure 16 . The table shows that the three angles are not too far from 90°, which makes the EFG, created by the Cd atoms at the Br<3) position, very small. Also the distances d(Cd-Br) differ little (except d t of the hydrazinium compound). A very low 81 Br NQR fre quency for Br(3) is understandable. Zeeman split NQR would help to clear up the problem, as would extended point charge calculations of the EFG.
Without any knowledge of the crystal structure, we assume that KCdBr3 belongs to the double chain Per ovskites, too, and we failed by the given reasons, to detect the third Br-N Q R line. An interesting aspect of this work is the observation of the structure and 8'Br NQR of guanidinium tri bromocadmate. The condensation of the CdBr3 ions in this compound to single chain polyanions is seen in the projection of the unit cell along [100], Figure 6 . Part of the unit cell we show in Figure 17 . The trigonalbipyramidal anion chain along the direction of the c-axis is drawn. One recognizes the condensation of the bipyramids, and in the figure the view of a model is presented, too. In Table 15 it is pointed out that the trigonal bipyramid is only little distorted. The plane through the Cd atom and its three nearest Br neigh bours is almost ideal. Within the limits of error, the four atoms are on the trigonal plane. Cd is nearly in the center of the plane and the angles B r-C d-B r in the plane deviate only little from 120° (114° and 123°). The naming of the chain link as trigonal bipyramid is adequate.
The investigations show that in compounds ACdBr3 the anion polymerization can vary considerably. Single octahedral chains, octahedral double chains, octahedral-tetrahedral chains and trigonal-bipyramidal ones have been observed. We cannot offer a simple reasoning for the appearance of such a variety of con densations. The influence of the cation on the conden sation of the ions CdBrf is not clear yet. Size, symme try, and the interaction of the cation via Coulomb forces, van der Waals forces, and hydrogen bonds with the anion, all these interactions guide the condensa tion.
There is a clear connection between the bond dis tances d(Cd-Br) and the 79-81Br NQR frequencies. This was pointed out many times in the discussion of chemical bond <-* NQR frequencies, see e.g. [29] . In Table 16 we have collected bond distances,8'Br NQR frequencies and the volumes of one unit ACdBr3 in the elementary cell of the structure. Clearly, there is a dependence of v(81Br) on d(Cd-Br) as expected and it follows the rule v oc 1/r3. We show this in the graph, Figure 18 . Terminal Br atoms have short distances to the Cd atoms and the 81 Br NQR frequencies are "high". Bridging atoms belong to longer distances and lower frequencies. The triple connected atoms are not shortened in their bond distances d(Cd-Br) in com parison to the bridging atoms, but low NQR frequen cies (low EFG's) are caused by the "symmetrized" surrounding. There is another interesting effect seen in Table 16 . The volume of the formula unit, calculated from the unit cell size and Z, is decreasing with in creasing condensation of the anion into chains. For an ion [B"(Hal)3]e , one can think about more arrange ments as the four discussed here.
